Employing analytical and numerical tools, we expound the Galactic epicycle theory to describe the kinematic evolution of stellar, gravitationally unbound associations in the vicinity of the Sun. We estimate the limits of applicability of the analytical epicycle approximation and harmonic vertical motion by numerical integration of test orbits with an axisymmetric potential. We consider mainly early times when the associations are not too stretched out by differential Galactic rotation. If the member stars are ejected from a compact parental molecular cloud simultaneously, but with different velocities of ejection, the association remains as an entity for a long time. However, at a given time, individual velocities may vary widely among the members. The systematic differences of individual velocities does not allow one to apply the classical convergent point method even to young associations only several million years old. We demonstrate, however, that certain coordinate-and age-dependent corrections can be applied to the proper motions as observed in order to 'rectify' them and retrieve a common convergent point. This method can be used for determining the Oort's constants A and B, and for estimating the vertical frequency in the local part of the Galaxy and the expansion ages of nearby associations. In combination with the global convergence mapping technique, it can be used to search for yet-undiscovered nearby associations using the Hipparcos and Tycho-2 catalogues.
first massive stars, or removed by some external agents. As a result, the newly formed stars are gravitationally unbound and follow paths as determined by their original dispersion velocities. In this simple model, the initial conditions are such that the stars move at constant velocities directed away from a common point.
It is shown in Section 2 that the case of uniform linear expansion conforms to certain convergent point relations that are similar to, but not identical with, those for the classical convergent point case. In Section 3 we briefly review the technique of global convergence mapping and describe the difficulties that have been encountered while using this method to analyse the kinematics of nearby associations. Blaauw (1952) applied the epicycle approximation to describe the effects of the Galactic force field on the stellar trajectories. However, Blaauw's analysis was limited to the case wherein the association was formed at the coordinate origin, and had an initial systemic velocity vector equal to that of the local standard of rest (LSR). Blaauw showed that such associations stretch out quickly along the direction of Galactic rotation owing to the initial dispersion of velocities.
The epicycle theory has also been applied to moving groups (Asiain et al. 1999) . Quite likely, these structures are kinematically more complex than associations. Some older moving groups are believed to be products of dissolving rich clusters (Agekyan & Belozerova 1979) . The time of ejection of individual stars is different and, quite probably, the rate of escape from the cluster has been uneven in the past. Such groups consist of thousands of members and may be very old.
In this paper we consider the epicycle approximation, which includes the full six-dimensional initial condition vector (Section 4). The limits of applicability of the analytical epicycle formalism and of the harmonic vertical approximation are studied in the appendix. We broaden the range of initial conditions to include the case of linear expansion. We demonstrate that in a matter of 10 Myr the shearing motions due to the Galactic force field in the planar and the vertical directions destroys the original pattern of individual motions. As a result, the convergent point of proper motions is substantially blurred, while these effects also significantly complicate efforts to determine the past (and future) trajectories of clusters and associations. We also predict flattened shapes for older associations that sometimes degenerate into string-and sheet-like forms (Section 5).
We then want to restore the convergent properties of proper motions of an association of known age whose members have astrometric angular coordinates and proper motions, but no distances and radial velocities. The problem is solved by rewriting the epicycle equations through some common and position-dependent terms in Section 6, and inverting the system of equations. Kinematical origins of nearby associations are discussed in Section 7. Future plans are outlined in Section 8.
Throughout this paper we assume a vertical period P z = 2π/ν of 85 Myr, numerical values for the Oort constants of A = 0.012, B = −0.015 km s −1 pc −1 , and a planar period of P κ = 2π/κ ∼ 156 Myr. The units for positions and distances, and velocities, are parsecs and km s −1 , respectively.
T H E C O N V E R G E N T P O I N T M E T H O D F O R L I N E A R R A D I A L E X PA N S I O N
The convergent point property follows from the fact that a group of stars with identical instantaneous velocity vectors, following their linear trajectories, would reduce, at infinity, to a single point from the observer's point of view. This convergent point is the direction of collective motion projected on to the celestial sphere. The position of the convergent point can in many cases be accurately determined from astrometric proper motions only. Once the convergent point of a given cluster is established, the angular distance λ between it and each star yields the distance (d) to individual stars through
where µ is the proper motion magnitude in arcsec yr −1 , and A u ≈ 4.74 is the Astronomical Unit (AU) in km s −1 yr. The systemic velocity v C (in km s −1 ) has to be determined by other means, most typically from the mean radial velocity and λ. The value of the method lies in the possibility of determining individual distances to a very high precision, for the proper motions are usually more precise than trigonometric parallaxes (e.g. Dravins et al. 1997; de Bruijne 1999) . At the same time, the systematic error of the mean distance may be quite large due to the uncertainties in the convergent point position, especially when the radial velocity component is small.
Using a linear tensor formalism for the velocity field, Dravins et al. (1997) and Dravins, Lindegren & Madsen (1999) show that isotropic uniform expansion (or contraction) is the only kind of systematic motion that cannot be determined from the proper motions alone. As a consequence, a uniformly expanding group of stars produces a convergent pattern that is indistinguishable from the classical case of equal motions (Blaauw 1964) . Indeed, if the expansion of a uniform rate does not change the character of the proper motion field, the proper motions should also converge to a common point. The difference between the two cases will be only in the relative position of the convergent point. Therefore, to detect the presence of expansion in a group of stars, radial velocity and parallax data are needed (see, for example, de Bruijne 1999; de Zeeuw et al. 1999) .
The geometric interpretation of the convergent property in the case of internal expansion is simple: at the beginning all the stars were confined to a compact, relatively small volume of space. The original velocity vectors radiated from the common place of origin. All the proper motion vectors are directed strictly away from this point; hence, they have a common divergent point. Fig. 1 depicts the geometry of a linearly expanding association. Each star has travelled a distance r = T a v, where v is individual velocity of the star (with respect to the Sun), and T a is the common age of the association. All members radiate from a common origin, which is the position of the parent molecular cloud.
1 The position of the convergent point in the sky can be geometrically determined from the proper motion vectors only, and is opposite to the direction of the origin (the divergent point). For each star, the angle λ can be computed, from which the distance to the star follows:
where D is the distance to the origin of the association in pc, µ is the total proper motion of the star, µ = µ Since associations occupy sizable areas on the sky, the range of sin λ may be quite significant. Associations are also large in depth. Their members may, therefore, have rather different parallaxes. A comparison of the kinematical parallaxes from equation (2) for identified members of an association with the Hipparcos trigonometric parallaxes provides a sanity check on the assumption of a linear uniform expansion.
Radial velocities are required to detect linear expansion or contraction. While for a cluster motion the expected radial velocity is given by v R = v C cos λ, that for the model with expansion, in km s −1 , is
Available radial velocities help therefore to decide which of the two models is valid. Furthermore, an analysis of available trigonometric parallaxes and radial velocities by equations (2) and (3) yield an estimate of the expansion age T a and the distance to the site of origin D. A similar approach was realized in a kinematic analysis of TWA (Makarov & Fabricius 2001 ). Yet it must be remembered that this simple model of linear trajectories is applicable only for very young associations.
T H E G L O BA L C O N V E R G E N C E M A P P I N G T E C H N I Q U E
It is more difficult to recognize a sparse association of stars than an open cluster, because the members of the former can be scattered across large areas of the sky, and have significantly different proper motions, radial velocities and parallaxes. The technique of global convergence mapping (Makarov & Urban 2000) can be used to find (new) large groups with converging proper motions. The core idea of the technique is, using large catalogues with accurate proper motions, to search for such spots on the celestial sphere where a significantly increased number of proper motion vectors intersect. To first approximation, the intensity of a given pixel of a fixed size on the global convergent map is linearly proportional to the number of proper motion vectors crossing this pixel. The actual computation is somewhat more complex, taking into account the directional uncertainties of individual proper motion vectors and including some smoothing effects. Improvements upon the original form of the technique are described in (Makarov & Urban 2001) .
Once a suspected convergent spot is identified, we place a small circle (1
• to 3 • radius) around the point of maximum intensity, and select all stars with proper motions crossing this circle. The stars thus selected are often distributed all over the entire sky, possibly with some density enhancements in rather extensive areas. The following analysis of suspected associations is difficult because of the general lack of radial velocity data. Construction of a kinematic model is a multi-stage iterative process involving available Hipparcos parallaxes, radial velocities and photometry.
This procedure has been successful in identification of previously known associations and clusters (Makarov & Urban 2001) . In this paper, we suggest a modification of the technique to extend it on to the case of rapidly expanding or older associations. It will be shown that corrections to the observed proper motions have to be included prior to constructing a convergence map, since the shear velocity field of the differential Galactic rotation blurs the convergent points into fuzzy and extended shapes. In fact, as soon as an association acquires a considerable size, the differences in individual Galactic orbits become important.
T H E E P I C Y C L E A P P ROX I M AT I O N
Consider a non-inertial coordinate system with its origin at a local standard of rest (LSR, at a given Galactocentric radius R g ), not too distant from the Sun and a test particle. A right-handed triad of coordinate axes (ξ , η, ζ ) is chosen such that the ξ axis always points toward the Galactic centre, η is positive in the direction of the Galactic rotation and follows a cirle of radius R g , and ζ , normal to the Galactic plane, completes the right-handed triad. The coordinate system thus rotates at a constant rate in a circular orbit around the Galactic centre. Let (ξ 0 , η 0 , ζ 0 ) be the coordinates of a test particle at some initial time t 0 , and (ξ 0 ,η 0 ,ζ 0 ) be the initial coordinate velocity. As long as the test particle stays close to the coordinate origin, 2 the standard epicycle approximation of galactic dynamics can be employed -see, for example, Binney & Tremaine (1987, Chapter 3.3) and King (1990, Chapter 9) . Our approach differs from previous works in that we spell out the epicycle equations in terms of the initial coordinates and velocities at a given time t 0 . The following epicycle equations can be derived by integration of the equations (9.7) in King (1990, Section 9 .1):
The planar epicycle frequency κ is related to the Oort's constants A and B by κ = √ −4B(A − B) (∼0.040); the vertical frequency ν specifies the common period of test particle oscillations around the Galactic plane. Equations (4) can also be derived by substituting Asiain et al.'s (1999) equation (2) in equation (1), but note that the signs in their equations are not consistent with the chosen direction of the ξ -axis (R. Asiain, private communication) .
Obviously, similar equations will hold for the coordinates of the Sun as functions of time, since the Sun will also follow a certain epicycle in the coordinate system in question. In this linear approximation, we can subtract the equations for the Sun from the equations for the test particle, resulting in
where (x 0 , y 0 , z 0 ) denotes the position, and (u 0 , v 0 , w 0 ) the velocity of the test particle with regard to the Sun, 3 at the reference time t 0 , when the initial conditions are defined. Instead of a test particle, consider now a group of stars that belong to a young association. The velocities comprise a systemic term [(u 0 , v 0 , w 0 ) s ] that is shared between all stars, and a contribution due to random outward motions [(u 0 , v 0 , w 0 ) σ ]. However, note that only the magnitudes of the latter component are random. For each star, the direction of motion of the random term is assumed to be highly organized: directed radially outwards from the centre. The new coordinate system (x, y, z) is centred on the Sun, and the transformation between the two systems is x = ξ − ξ , y = η − η and z = ζ − ζ . The transformations for x and z are exact, while that for y is approximate. The exact transformation of the heliocentric y is y = η(1 − ξ /R g ) − η , which should be used for large epicycles. The epicycle solution in Section 6 is exact, in the first-order approximation, in the system (ξ , η, ζ ), and approximate in the system (x, y, z). The relative error in the proper motion components reaches 12 per cent for objects at d = 1000 pc with = 90
• or 270
• , which may be non-negligible within the precision of the method. The epicycle approximation can be used for kinematic groups at larger distances, if exact transformations to the curved coordinates are used. This requires, however, knowledge of the distance to the group, which incapacitates the following convergent point analysis.
Differentiating the above equations with respect to time, one obtains the relations for instantaneous velocity components with respect to the Sun:
We assume that the members of an association were released nearly simultaneously from the parent molecular cloud, and that the size of the cloud was much smaller than the current size of the association. In this approximation, the initial coordinates (x 0 , y 0 , z 0 ), the systemic motion (u 0,s , v 0,s , w 0,s ) and the age t are the same for all the member stars. On the other hand, the dispersion of initial velocities, which drives the expansion of the association, is sufficient significantly to affect the convergent properties of an association. In writing equations (6), we have separated the terms shared between all stars (the first set of terms in curly brackets) and those specific to each star (the second set of terms in curly brackets). The relative importance of the random component of the space motions follows from inspection of the individual trigonometric terms in equations (6). With the systemic and random terms of order a few times 10 km s −1 and a few times 1 km s −1 (de Zeeuw et al. 1999) , respectively, the initial random motions contribute about 10 per cent to each of the terms. Also note that the absolute values of the pre-factors of the trigonometric terms [κ/2B, A/B, (A − B) /B] are of order unity. Thus, the random motions are not much amplified by differential Galactic rotation, just modulated by the trigonometric terms. As a result, the amplitude of the combined random motion will be several km s −1 as well. In the vertical direction, the relative importance of the w 0,s and z 0 terms oscillates: at small times, the cos κt term dominates and the random motions contribute a fraction of w 0,σ /w 0,s . At times close to n × P z /4 (n = 1, 3, 5, . . .), the vertical motions are completely dominated by the z 0 term and will show little star-to-star dependence. The size of the association in the vertical direction reaches a maximum at these times.
The epicycle formalism follows from a first-order approximation to the more complex character of the local Galactic potential. It may be used, therefore, for a limited number of objects at similar Galactocentric radii. For example, at R 0 = 7.5 kpc, the quadratic term of the R-force field has an amplitude of about 15 per cent of the linear term, for x = 1 kpc. Another way to express the non-linearity of the horizontal force is via the 1/R dependence of the Oort constants (Olling & Merrifield 1998) . Additionally, the assumption of an harmonic vertical force made in equations (5) and (6) is not exact, since stars of significantly different vertical velocities will oscillate around the plane with different periods (Asiain et al. 1999) . Different stars in an association, for example, will oscillate slightly out of phase, which will gradually widen the vertical extent of the association. The vertical period also depends on the Galactocentric Z-coordinate of the object. In this paper, we ignore these complications, because the vast majority of young stars and complexes in the Solar vicinity have motions confined to the Gould Belt (Makarov & Urban 2000) ; thus, their vertical velocities, heliocentric and relative to each other, rarely exceed 10 km s −1 . The internal velocity dispersions in young associations are probably smaller. Additionally, as was mentioned above, the linear coordinate transformations to the heliocentric system hold only as long as ξ /R g 1.
K I N E M AT I C E VO L U T I O N O F YO U N G A S S O C I AT I O N S
Employing the epicycle approximation, Blaauw (1952) showed that the stars ejected with the same velocity would always lie on an ellipse of ever increasing extent in the y-direction, with a semi-major axis direction changing from −ξ (opposite to the Galactic centre) initially to −η in a matter of 2π/κ years, and then slightly increasing the inclination to the −η-axis, and going back. According to Blaauw's analysis, the Galactic differential rotation rapidly stretches expanding associations along the tangential direction, which probably explains the shape of the Sco-Cen and Per OB2 associations. (King 1990 , their section 9.4) summarizes Blaauw's results. In this section, we present a 3D analysis in the heliocentric coordinate system. Equations (5) predict the motion of the association as a whole with respect to the Sun. In the x-and z-coordinates, the group oscillates around the mean values of x = x 0 + (v 0,s − 2Ax 0 )/(2B) and z = 0. However, there are two secular terms in the y-coordinate that describe the systemic motion, (A/B)v 0,s t and −2(A/B)(A − B)x 0 t. These terms imply that a nearby association will not stay in the vicinity of the Sun for a long time, unless both v 0,s and x 0 were very small, or v 0,s ∼ 2 (A − B) x 0 .
The secular terms also have a bearing on the evolution of the shape and dimensions of associations. The random component of the v 0 t term, (A/B)v 0,σ t, implies that the group is bound to stretch indefinitely in the direction of Galactic rotation due to the non-zero v 0,σ . Since the constant A is positive, and B is negative, the stars ejected originally with ejection velocities in the direction of Galactic rotation higher than the systemic velocity, v 0 > v 0,s , will increasingly lag behind the centre of gravity, and conversely. The rate of extension along the y-axis depends mostly on the initial v-velocity and initial x-position dispersions. These terms vary from star to star and cause the y-dimension to increase linearly with time. 4 From the ratio of the two,
], it follows that the v 0,σ terms dominates in most cases, so that the y-size grows at an approximate rate of
According to equations (5), an association always occupies a flattened volume of space, with the smallest dimension in z. Assuming that the vertical frequency is of order 0.1 Myr −1 , the size perpendicular to the Galactic plane varies between a few pc and a few tens of pc. Along the x-axis, the size can be as large as [−v 0,σ /(2B)] 2 + (u 0,σ /κ) 2 . This dimension can easily reach a 100 pc or more (B ∼ −0.015 km s −1 pc −1 , κ ∼ 0.040). Finally, as discussed previously, the size in y grows indefinitely. Owing to the oblate form, associations of moderate age observed at considerable distances around Galactic longitudes 90
• and 270
• may be mistaken for young open clusters, since projection will make them appear compact and dense. The telltale signs of an association would 4 There are also periodic size variations, which we do not discuss here. be a larger depth and a larger velocity dispersion, as compared with open clusters (< 1 km s −1 ). Using the epicycle formulae, we conducted numerical simulations of expanding stellar associations with different initial conditions. Fig. 2 represents a simulation of an association initially isotropically expanding from a single point at (x 0 , y 0 , z 0 ) = (−50, −200, +120) pc. The initial centroid velocity is (u 0 , v 0 , w 0 ) = (+8, +15, −3) km s −1 , and the individual velocities follow a Gaussian distribution of 1.5 km s −1 standard deviation. At t = 13 Myr (upper plots), the association is still fairly round in the (x, y)-, (x, z)-and (y, z)-planes, as displayed in the top-left, bottom-left and bottomright panels, respectively. At this epoch, the Sun is situated within the limits of the association, which explains the widely scattered distribution of stars across the sky (top-right panel). At 63 Myr (lower plots), the association acquires a distinctly elliptical shape in the (x, y)-plane, and flattens out in z owing to the proximity of this time to the assumed (common) vertical period P z = 85 Myr. It has quickly retreated from the Sun, and appears compact and elongated, with a slight tilt to the Galactic plane.
C O U P L I N G T H E E P I C Y C L E T H E O RY A N D T H E C O N V E R G E N T P O I N T M E T H O D
Unlike gravitationally bound open clusters, members of sparse associations acquire individual Galactic orbits from very early moments of the dynamical evolution. Inevitably, their velocities undergo accelerations, and the paths of different stars within an association bend in slightly different ways. When the association becomes large, these path differences cannot be neglected when building a kinematical model such as the convergent point method, since the observable proper motions no longer radiate from the same point.
Rearranging equations (5) and (6) the u 0 , v 0 and w 0 variables can be eliminated to yield
where we have again separated the relations in the systemic components (the S-terms), and terms that are specific to each individual star (the D-terms). Note that the D-terms depend only upon the present-day coordinates, the Oort constants, the vertical frequency, and the dynamical age of the association, not on the initial conditions. The D-terms are the partial derivatives of the velocities with respect to the coordinates (e.g. D ux = ∂u/∂x, etc.).
and G = 2(A − B)(1 − cos κ t) − A κt sin κt. The matrix elements S are functions of time but are nearly equal for all stars, apart from the small dispersion in the original coordinates. Their exact forms are not specified, as they are rather involved and not used in this paper. Thus, the S-terms represent the time-varying systemic velocity of the association.
Several discontinuities are present in the gradients D, but they are not regular. The planar and vertical discontinuities are independent. The first kind of discontinuity takes place at multiples of the epicycle period (P κ ). At these times, the association becomes very flat in x (the size of the original star formation site), as the u-and v-velocities return to their original values. If we are lucky to catch such an association with T Dyn ∼ n P κ , much can be learned about the initial size and velocity dispersions. Also, for such an association, the epicycle frequency κ can be estimated. The second discontinuity takes place at other times when G = 0 (210, 376, . . . Myr). At these times, the association is strung into a very narrow and long line in the x-y plane. This line continues to swell; hence, the relation between u, v and x, y becomes degenerate. Thus, the theory predicts the existence of pancake-shaped and string-shaped associations of moderate age. Note that actual velocities remain finite at all times (cf. equations (6)). Thus, the discontinuities only occur in the partial derivatives, and will cancel when the sum of all the terms in equations (9) are considered. The remaining discontinuities are present in the vertical proper motion correction, and occur at t = n/2P z with n = 0, 1, 2, . . .
If we subtract the D-terms from the observed velocities, the correspondingly corrected proper motions should converge, just like proper motions of an open cluster. The velocity field needs to be corrected for the star-dependent (D) part of the velocities:
The Cartesian coordinates (x, y, z) are related to the Galactic coordinates ( , b) by
where d is the distance to the star. The proper motion components µ * = µ cos b and µ b are related to the tangential velocity components by We arrive, finally, at
The required proper motion corrections are time dependent and often vary strongly with longitude. Thus, so as to apply such corrections successfully, precise knowledge of the age of the association, the Oort constants and the vertical frequency are required. On the other hand, if the age of an association of sufficient extent is determined (via isochrone fitting, for example), it might be possible to determine the Oort constants and the vertical frequency from the proper-motion field.
A certain degree of uncertainty in this approach is due to the fact that the Oort's constants, as determined from astrometric measurements, are different for stars of different spectral types and colour (Binney & Merrifield 1998; Dehnen & Binney 1998) . This reflects the fact that various populations in the Solar neighbourhood have different streaming motions that deviate from the motion of the LSR around the Galactic centre. The Oort's constants one has to use in this application are valid for the Galactocentric radius of the Sun. At this time, it is not obvious which of the estimations truly reflect the potential. Precise knowledge of the vertical frequency ν is even more important because D wz varies strongly with time (Fig. 3) . The dependence of the vertical frequency and of the maximum excursion on the midplane velocity is discussed in the appendix. The D wz gradient reaches extreme values every P z /2 Myr (including t = 0), when the association flattens out in z. At such times, all stars have almost the same z-coordinate, while the range of their w-velocities reaches a maximum. Thus, an association with an (isochrone) age of P z /2 would provide a very good estimation of the vertical period, as well as a measure of the original dispersion of ejection velocities w 0 .
We conclude this section with an illustration of how the corrections of type (13) (13). A strong, very prominent convergent point feature emerges. In a real search for associations, such a feature would be noticed and all stars with proper motion vectors directed towards it could be selected for further examination. To improve the chances of detection and to increase the veracity of detected convergent features, possible members of young associations should be pre-selected from large astrometric catalogues by, for example, a high degree of X-ray activity or other signs of stellar youth.
O R I G I N S O F N E A R B Y A S S O C I AT I O N S
If the path of the Sun crosses the path of an association, we will find ourselves inside the latter. This may be hard to notice, however, as the number density of members may be as low as 10 −4 pc −3 , and the members may mostly be inconspicuous red dwarfs. The Catalogue of Nearby Stars (Gliese & Jahreiß 1991) , limited to a distance of 25 pc, would have contained only several such stars. The member stars would be widely scattered across the entire sky, and their proper motions would not follow an easily distinguishable pattern.
Some of the very young T Tauri stars detected in the Solar neighbourhood present a long-standing problem. They are often not associated with any apparent dust or molecular clouds that could sustain star formation. Since the majority of young stars are supposed to be born in unbound associations, we must examine the possibility that these seemingly isolated T Tauri stars are members of loose associations. The absence of associated interstellar matter may be due to high ejection velocities (expansion rates), or dispersal events in the progenitor cloud.
The epicycle theory predicts that young nearby associations (age < 30 Myr) were formed also in the vicinity of the Sun with small relative velocities, while older associations that are currently in our neighbourhood should more likely have come a long way in y, and should have been formed with significant relative velocities in v 0 [≈ 2(A − B)x 0 ]. Therefore, generally, a distant association can end up in our vicinity only if it had a proportionally high initial v 0 -velocity. Fig. 5 shows how the phase space (x 0 , v d ) is populated by associations of given ages that are closer than 250 pc The youngest associations (t < 10 Myr) have not had the time to escape the solar neighbourhood, and occupy a relatively large area in phase space. Moderately aged associations (t ∼ 30 Myr) have smaller chances of staying close to the Sun. Associations as old as 270 Myr may have originated at great distances from the Sun if they happened to have the 'right' initial velocity (e.g. the Ursa Major group). An essentially different dynamical environment may be imprinted in their kinematic history. Finally, nearby, very old (fossil) associations in our neighbourhood have most likely formed in remote parts of the Galaxy, but at approximately the same Galactocentric distance as the Sun.
P O S S I B L E A P P L I C AT I O N S
This work casts light on why the nearby associations that are presently known to us are all quite young (typically, t < 30 Myr). It is C 2004 RAS, MNRAS 352, 1199-1207 much more difficult to discover an older association, stretched in the y-direction, and with the significant non-converging component in the velocity vectors. Moving groups that are remnants of dissolved open clusters include dynamically non-coeval populations and the above theory, strictly speaking, does not apply. It is possible, however, that a core of nearly coeval expansion exists in moving groups as well. There is a possibility of determining when the expansion commenced by the present approach.
The combination of the epicycle theory with the convergent point method may find other applications in the studies of associations. First, a systematic search for new associations can be implemented utilizing the available catalogues with proper motions for millions of stars. The corrections that have to be added to the observed proper motions so as to restore the convergent point are age-dependent. This invokes the following search procedure: a sample of stars supposedly rich in association members (for example, the brightest X-ray stars) with accurate astrometric proper motions is used to build up a series of convergence maps at a grid of ages t 1 , t 2 , . . . Each map is examined for the brightest convergent features, stars contributing to it are selected and evidence of an association is established by employing additional means, such as available parallaxes, radial velocities, HR diagram and age estimation. Some of the detected associations should include already known groups, e.g. TWA, Horologium and Carina-Vela. Once membership of an association is determined, the stars should be excluded from the original sample before commencing another search, in order to avoid overlaps and confusion of multiple convergent regions. For each association, we should be able to determine its expansion age, place of origin, membership, dispersion of ejection velocities and the original size of the star formation site, the latter from the observed deviations from the convergent point.
A large nearby association with a well established membership can be used to derive the local values of Oort's constants A and B and the vertical frequency ν pertaining to the local gravitational force K z . The individual data points should lie around planes in the (u, x, y) and (v, x, y) parameter spaces, and the velocity component w should follow a straight line when plotted against z (cf. equations 8). Such relations are fingerprints of coeval, originally compact expanding associations. The coefficients D ux , D uy , D vx , D vy and D wz can be measured and, in principle, resolved into the four unknowns A, B, ν and t. The vertical velocity gradient D wz stands separately, being independent from the other parameters. It may also be easier to measure, for it assumes large values more often (see Fig. 3 ). In order to measure the rest of the gradients accurately, one may need to find a fairly old association, close to the epicycle period, or a very rapidly expanding young one that already occupies a large volume of space. The Horologium association (age 30 Myr, Torres et al. 2000) may be a good representative of the latter case.
Also, if indeed most stars are born in associations, the technique outlined in this paper allows for a dynamical age determination of individual stars. We expect that this procedure will work best for younger associations.
R E F E R E N C E S
curve (δ /δ R = 0). This is representative of the ensemble of possible Milky Way models (e.g. Olling & Merrifield 2000 , and has the following derived parameters: A = 0.0135, B = −0.0135 km s −1 pc −1 , P ROT = 238.1 Myr, κ = 0.0382 pc(km s −1 ) −1 and P κ ∼ 161 Myr, where P ROT and P κ are the rotation and epicyclic periods, respectively. In this model, the non-linear component of the radial force equals about 10 per cent of the first-order component. Neglecting higher-order terms we find
where F R,linear ≡ ( 2 /R 0 ), R ≡ R − R 0 , and R 7.5 is the difference in galactocentric radius for R 0 = 7.5 kpc. Thus, the secondorder term becomes significant for stars for which the amplitude of the radial epicycle is of order 1 kpc or larger. From the ξ -term of equations (4) and with (ξ 0 ,η 0 ) = (0, 0), we find that stars with |ξ 0 | 25 km s −1 , have radial excursions larger than 1 kpc.
